The synaptonemal complex protein 1 (Sycp1) is required for the formation of crossovers that occurs during the meiotic prophase. The tissue and cell-specific expression pattern of the Sycp1 protein have been studied in mammals and fish, but data on the corresponding transcript remain scarce. In this report, we described for the first time in zebrafish the tissue-and cellspecific expression pattern of the sycp1 gene. In ovary, the expression of the sycp1 transcript was restricted to the early primary oocytes. In testis, the sycp1 transcript was observed in primary spermatocytes in agreement with a previous report describing the localization of the Sycp1 protein in those cells. Unexpectedly, sycp1 transcript expression remained high in spermatids. To gain insight on the genomic region responsible for the sycp1 gene expression pattern, we generated four independent Dr_sycp1:eGFP transgenic zebrafish lines carrying the À1482/+338 gene fragment fused to the enhanced green fluorescent protein reporter gene. We demonstrate that this promoter fragment contains the information required for the cell-specific expression of the endogenous sycp1 gene in males and in females. However, the GFP protein and its associated fluorescence persist in spermatozoa and maturing oocytes. The Dr_sycp1:eGFP zebrafish lines have the potential to be valuable models to trace meiosis onset in zebrafish and constitute the first transgenic lines expressing the GFP reporter protein only in the male meiotic and postmeiotic cells in fish.
INTRODUCTION
The production of numerous genetically varied male haploid gametes is achieved through the meiosis process that occurs during spermatogenesis. Two major mechanisms contribute to the genetic diversity of the gametes. One of these mechanisms relies on the random separation of the homologous chromosome pairs during the anaphase of the first meiotic division. However, before the segregation of the homologous chromosome pairs, the formation of chiasma during the prophase I allows exchanges of chromosomal regions between nonsister chromatids. The alignment of homologous chromosome pairs and the homologous recombination between nonsister chromatids require the formation of a zipper-like structure named synaptonemal complex (SC).
Despite some organizational differences, the synaptonemal complex is rather conserved among organisms from nematodes [1] , drosophila [2] , and fish [3] to mammals [4, 5] . In vertebrates species, the sister chromatids of the chromosomes are maintained together by a lateral element (also termed axial element) of the SC. The lateral elements are attached on the inner side of each homologous chromosome and are formed at the leptotene stage of meiotic prophase I. Homologous chromosomes pairing occurs through the linkage of the parallel lateral elements associated to each homologous chromosomes to a central element. The lateral and central elements of the SC are indirectly connected by transverse filaments. During zygotene and pachytene stages, recombination nodules are found at intervals along the central element and contribute to the crossing over of nonsister chromatids within the homologous chromosome pairs. The transverse filaments and the central element polymerize after the lateral elements and dissociate earlier. The SC is disassembled gradually at the diplotene and diakenesis stages. The synaptonemal complex proteins Sycp2 and Sycp3 are major components of the lateral elements. In rat, both proteins are not detected in preleptotene stage, but their expression is initiated from the leptotene stage and is maintained until anaphase I [6, 7] . The Sycp1 protein is the major component of the transverse filaments and is expressed lately in zygotene and pachytene germ cells. The Sycp1 amino-terminal region ends in the central element (CE), which is composed of additional proteins, including the synaptonemal complex central element proteins (Syce1, Syce2, Syce3) and TEX12 [8] .
In mammals, the respective functions of the three synaptonemal proteins Sycp1, Sycp2 and Sycp3 have been investigated using knockout mouse models. The phenotype is in agreement with the spatiotemporal expression pattern of the corresponding proteins. All the Sycp1-, Sycp2-, and Sycp3-deficient male mice are sterile. In male mutant mice lacking the coiled coil domain of Sycp2, zygotene spermatocytes undergo apoptosis. Meiosis fails because Sycp2 mutant protein prevents the binding of Sycp3 to the lateral elements [9] . Similarly, in sycp3 À/À mice, zygotene spermatocytes are blocked and undergo apoptosis. In male mice deficient in Sycp2 and Sycp3, homologous chromosome cores align by homology but fail to synapse [10] . The absence of lateral elements disturbs but does not prevent Sycp1 association to the chromatin [11] . In sycp1 À/À mice, most primary spermatocytes are arrested at the pachytene stage and enter in apoptosis. The lateral elements are formed, but they are not held by transverse filaments. In addition, there is no central element, and no synapsis occurs. DNA double-strand breaks were detected in preleptotene nuclei, but most of them are not repaired [12] .
The information gained in mammalian species demonstrates the specific functions of the major components of the synaptonemal complex during the first meiotic division and illustrates the requirement for timely and coordinated expression patterns. The molecular mechanisms underlying the spatiotemporal expression patterns of the sycp genes are poorly understood. In transgenic mouse, the À260/þ5 and À54/þ102 proximal promoter fragments of the sycp1 gene target gene expression in primary spermatocytes but not in oocytes [13, 14] , suggesting that important cis DNA regulatory elements may reside upstream or downstream of the proximal promoter.
In fish, data on the spatiotemporal expression pattern of the synaptonemal complex genes remain scarce, particularly for sycp1 and sycp2. In zebrafish females, sycp3 transcripts were detected in primary oocytes at stage Ia [15] . In males, the sycp3 transcript and protein are detected from the preleptotene primary spermatocytes [16] . However, the Sycp3 protein is detected only from the leptotene stage in medaka [3] , suggesting that the temporal expression pattern may be slightly different from one fish species to another. In medaka, the Sycp3 protein is localized along the chromosomal arm in zygotene and pachytene germ cells and extends to centromeric regions of the chromosomes at metaphase I. The Sycp3 distribution along all the chromosomes is maintained up to anaphase I. This is different from the mouse model in which Sycp3 is lost on the arm regions at metaphase I. In contrast, the cellular expression and localization of the Sycp1 protein reported in medaka [3] are similar to that reported previously in rat [17] . In zebrafish, the Sycp1 protein is restricted to the primary spermatocytes [18] and primary oocytes found in groups of two to six cells [19] . To our knowledge, there is no information on the spatiotemporal expression pattern of the sycp1 transcript in fish.
In the present study, we described the expression pattern of the sycp1 transcript and investigated whether the À1482/þ338 genomic DNA fragment encompassing the proximal promoter region, the first exon and the first intron of the sycp1 gene, was sufficient to mimic the expression profile of the gene in zebrafish. The genomic DNA fragment was fused to the GFP reporter gene, and the chimeric construct was inserted into the genome of four independent Dr_sycp1:eGFP transgenic lines using the tol2 transposon-mediated transgenesis technique. We demonstrate that the genomic fragment contains the information required for the tissue-and cell-specific expression pattern of the endogenous sycp1 gene in males and females. The Dr_sycp1:eGFP zebrafish lines generated during the course of the study constitute the first transgenic lines expressing the GFP reporter protein only in the male meiotic and postmeiotic cells in fish. In addition, the transgenic lines will be useful to trace the emergence of meiotic cells in male and female zebrafish.
MATERIALS AND METHODS

Fish Maintenance and Handling
The zebrafish (Danio rerio) AB strain, originally obtained from ZIRC, were bred in our facilities. The animals were maintained in a recirculating water system at 278C, pH 7.5, under oxygen saturation and at a photoperiod regime of 16L:16D. Offspring were obtained by natural mating. Fertilized eggs were collected 1 h after the light was switched on. Fish were anesthetized with 0.3% 2-phenoxyethanol before observations, caudal fin biopsy, or sacrifice. The procedures used are in agreement with the guidelines for care and use of animals at the National Veterinary School of Nantes, France. The personnel were trained and qualified for animal experimentations.
Transgene Production
The À1482/þ338 promoter fragment of the zebrafish sycp1 gene was amplified from AB strain zebrafish genomic DNA by nested polymerase chain reaction (PCR) using the Platinum Pfx DNA polymerase (Invitrogen). The first PCR reaction was conducted using the specific primers Drsycp1fw3 and DrSYCP1rev2kb2 (Table 1 ). The PCR product was diluted 1:50, and the second reaction was carried out using the DrSYCP1 (attB1)bis and DrSYCP1 (attB2) primers. The sycp1 proximal promoter flanked by attB1 and attB2 sequences was first inserted into the pDONR221 entry vector using the BP clonase (Invitrogen). The final Dr_sycp1:eGFP transgenesis vector was obtained by conducting an LR recombination reaction involving the entry vector and three additional plasmids of the Tol2kit [20] : p5E-MCS (5 0 element containing a multiple-cloning site), p3E-EGFPpA (3 0 element containing the open reading frame encoding eGFP and the SV40 late polyadelynation signal), and pDestTol2pA (destination vector flanked by the Tol2 inverted repeats). BP and LR recombination reactions were conducted according to manufacturer's instructions (Invitrogen). DNA sequencing reactions were performed to check the nucleotide sequence accuracy of the sycp1 gene promoter and cloning sites. The Dr_sycp1:eGFP plasmid was amplified and purified using the EndoFree plasmid purification kit following manufacturer's instructions (Qiagen).
DNA Microinjection in One-Cell-Stage Embryos
Zebrafish eggs were microinjected with a mixture containing Dr_syc-p1:eGFP vector (6.25 ng/ll), Tol2 transposase encoding mRNA (6.25 ng/ll), and phenol red (0.1%). The Tol2 transposase capped mRNA was in vitro transcribed from pCS2FA-transposase vector [21] using the mMessage MMachine SP6 kit (Ambion). The DNA solutions were injected using an MPPI-3 pressure injection system (Applied Scientific Instrumentation) and borosilicate glass capillaries (1.0 mm outside diameter 3 0.5 mm inside diameter; GC100FS-10; Harvard Apparatus). GAUTIER ET AL.
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Establishment of Transgenic Fish Lines
The microinjected fish were mated to wild-type animals, and the founders transmitting the transgene to their offspring with the highest frequencies were selected from genotyped pools of 5 to 10 eggs. Pools containing transgenic embryos were detected using a PCR-based screening assay on genomic DNA. The genomic DNA was extracted overnight at 428C under a 1000 rpm agitation in 400 ll containing 10% chelex and proteinase K (0.2 lg/ll). DNA was purified with a phenol/chloroform (1:1) extraction and then ethanol precipitated. DNA concentration was measured at 260 nm using the NanoDrop 1000 Spectrophotometer. For the selection of transgenic juvenile fish (about 30-day-old animals), the genomic DNA was extracted from a biopsy of the caudal fin. PCR reactions were carried out in 25 ll containing 150 ng genomic DNA, 5 lM each primers (Table 1 ), 1.5 mM MgCl 2 , 0.2 mM dNTP, 13 GoTaq flexi buffer, and 0.625 U GoTaq DNA polymerase (Promega). PCR cycling conditions were set to 2 min at 958C followed by 35 cycles of 45 sec at 958C, 45 sec at 508C, and 45 sec at 728C. Transgenic zebrafish showing strong GFP fluorescence in gonads were selected by direct observation using the AZ100 macroscope (Nikon) equipped with a GFP-BP filter (520/35 nm). Digital photos were taken using the DS-Ri1 digital camera and the NIS-Elements D 3.0c software (Nikon Instruments)
Reverse Transcription and Real-Time Quantitative Polymerase Chain Reaction Tissues (gills, brain, heart, liver, muscle, fin, eye, operculum, and gonad) were collected independently, and pools were constituted from three adult transgenic fish. Pools of 25 embryos or fry were constituted to determine the temporal expression pattern of the sycp1 and gfp genes during ontogenesis. All samples were frozen immediately in liquid nitrogen and stored at À808C until RNA extraction. Total RNA was isolated using the Trizol reagent (Invitrogen). Reverse transcription of total RNA was carried out in 25 ll using 1 lg total RNA, 0.5 lg random primers (Promega), 0.5 mM dNTP, and 200 U MMLV reverse transcriptase (Promega). PCR amplification was performed on 1:80 diluted first-strand cDNA templates, 13 Fast SYBR Green Master Mix (Applied Biosystems) fluorescent dye, and 600 nM each primers ( Table 1 ). All samples were measured in duplicates. Primer sets efficiencies were validated using one-half dilution series of first-stranded cDNA pooled from the different tissues. Primer sets efficiencies were close to 100%. Quantitative polymerase chain reactions (Q-PCR) were conducted using the StepOne Plus thermocycler (Applied Biosystems). The cycling conditions were as follows: 958C for 20 sec, followed by 40 cycles at 958C for 3 sec and 608C for 30 sec. In order to ensure that a single product was amplified, each run was followed by a melt curve analysis consisting in 50 cycles for 1 sec from 658C to 908C (þ0.58C/cycle). The relative abundance of the transcript was determined using the DCT method [22] . Expression values were normalized using the rRNA 18S as a reference. Data were analyzed using the nonparametric Mann-Whitney U-test of the Statistica software based on the ranking method.
Immunohistochemistry
The gonads of transgenic Dr_sycp1:eGFP zebrafish were fixed overnight in 4% PFA/PBS, rinsed three times in PBS for 30 min at 48C, and dehydrated in successive baths of alcohol with increasing concentrations. The samples were embedded in paraffin, and 5-lm-thick sections were mounted on poly-L-lysinecoated glass slides (Thermo Scientific). After paraffin removal in toluene and rehydratation of the tissue sections, the immunohistochemistry procedure was performed using an in situ Pro-VS robot (Intavis). Between each step, slides were rinsed with PBS/0.1% Tween 20 (PBS-T). A blocking buffer (Lab Vision; Thermo Scientific) was added for 10 min, and slides were incubated 2 h with the primary rabbit polyclonal antibody directed against the GFP (ab290; Abcam) diluted 1:750 in 5% bovine serum albumin (BSA). Slides were incubated for 10 min with goat anti-rabbit IgG antibody conjugated with the Alexa Fluor 488 (A11-034; Invitrogen) diluted 1:2000 in 5% BSA/PBS. Slides were mounted in mowiol, and pictures were taken using the ECLIPSE 90i microscope equipped with an FITC filter and the DS-Ri1 digital camera and NIS Advanced Research software (Nikon Instruments).
Riboprobes Synthesis and Whole-Mount RNA In Situ Hybridization
DNA sequences were subcloned using the plasmid p1.72BSSPE/ISceI/ RfAVenus vector and zebrafish gonad cDNA as templates and specific primer sets (Table 1) . Riboprobes against GFP and zebrafish sycp1 mRNA were synthesized as described previously [23] . Riboprobe size and integrity were checked using the Agilent 2100 bioanalyzer (Agilent Technologies) and the Agilent RNA 6000 Nano kit (Agilent Technologies) according to the manufacturer's instructions. Whole-mount RNA in situ hybridization was carried out as described previously [24] . The proteinase-K treatment (25 lg/ml) was conducted at 378C for 20 min. Both antisense and sense riboprobes were used at the same concentration (500 ng/ml), and all hybridizations were carried out at least on two different biological samples.
Gamete Collection
Gamete collection was carried out as previously described [25] . Sperm was collected by abdominal massage and immediately diluted in 1:100 of the SFMM immobilizing solution. A volume of 5 ll of the sperm dilution was placed on a glass slide, and 50 ll water were added to activate the motility of the spermatozoa. Ova were collected from anesthetized females by stripping and maintained in cold trout coelomic fluid to prevent their activation.
RESULTS
Four Independent Dr_sycp1:eGFP Transgenic Lines Were Produced in Zebrafish
We used a transgenesis approach in zebrafish to determine whether a short fragment of the 5 0 flanking region coupled to the first exon and first intron of the sycp1 gene was sufficient to drive the tissue-and cell-specific expression of the endogenous gene. A À1482/þ338 promoter fragment of the sycp1 gene was first cloned from the genomic DNA ( Figure 1 ). This 1820-base pair (bp)-long fragment includes a fragment of the 5 0 flanking region (1482 bp), the noncoding first exon (83 bp), the first intron (252 bp), and only three bases of the second exon, including the first two first bases (AT) of the first codon (ATG). Note that the gene promoter fragment used in this study represents only one-third of the spacer region that separates the sycp1 gene from the upstream slc16a1 gene. The promoter fragment À1482/þ338 was fused to the open reading frame (ORF) encoding the enhanced Green Fluorescent Protein (eGFP) and to a SV40 polyadenylation signal. In addition, the transgene (sycp1:eGFP) was flanked by two Tol2 inverted repeats required for the Tol2 transposase mediated transgenesis ( Fig. 1 ). Transgenic zebrafish lines were generated as described in Materials and Methods. Transgenic fish were identified by individual genotyping from a caudal fin biopsy. The genotyping PCR was performed using the pair of primers detailed in Table 1 and located on the promoter fragment and on the eGFP ORF in order to detect transgene insertion (Fig. 1 ). Four independent Dr_sycp1:eGFP transgenic zebrafish lines (C2, C3, C5, and C7) were obtained and characterized. All transgenic lines passed on the transgene in a Mendelian fashion in agreement with a unique insertion site. The transmission rates of the F3 animals crossed with wild-type zebrafish were 56%, 46%, 51%, and 49% for the C2, C3, C5, and C7 transgenic lines, respectively. The fluorescence intensity resulting from transgene expression was followed up to the F4 generation and was found stable.
In Adult Zebrafish, Dr_sycp1:eGFP Transgene Is Specifically Expressed in the Gonads
The expression of the transgene was first observed by external observation of the GFP-induced fluorescence using a macroscope equipped with a GFP filter. Both male and female Dr_sycp1:eGFP zebrafish exhibited strong fluorescence intensities in the abdomen in the area of the gonads. The shape of the fluorescent zone was characteristic of the sex: wide and rounded in females (Fig. 2, A and B) and stretched out and thin in males (Fig. 2, F and G) . After opening the abdominal cavity, we noticed that the GFP-induced fluorescence was restricted to the gonads. Ovaries showed the highest fluorescence intensity in small germ cells, presumably previtellogenic primary 0 and 3 0 untranslated regions (UTR) are represented by white boxes, whereas coding regions are in black. The translation initiation codon ATG is positioned on the second exon. The promoter fragment of sycp1 gene contains the noncoding leader exon, the first intron, and a part of the second exon, including the first two bases of the translation initiation codon (AT). The À1818/þ334-bp promoter fragment was placed upstream of the open reading frame encoding for the enhanced GFP protein (eGFP). The reporter gene includes a polyadenylation signal (pA) from the SV40 virus at its 3 0 end. The transgene was flanked with binding sites for the Tol2 transposase (tol2). Four independent transgenic zebrafish lines were obtained using the tol2-mediated transgenesis. The position of the primer set used to identify the transgenic fish by genotyping on genomic DNA extracted from fin biopsies is represented by two facing arrows. A 334-bp PCR product is obtained from the genomic DNA of the transgenic zebrafish.
GAUTIER ET AL. oocytes (Fig. 2, C-E) , whereas the fluorescence was low in the large vitellogenic primary oocytes. The testes were almost uniformly fluorescent, but the fluorescence was restricted to the germinal compartment (Fig. 2, H-J) . In order to investigate further the tissue distribution of Dr_sycp1:eGFP transgene expression in zebrafish, gfp transcript levels were assessed by real-time quantitative PCR in a panel of nine tissues in male and female separately. Transgene expression was exclusively detected in the gonads. The tissue-specific expression pattern of the transgene was similar to that of the endogenous sycp1 transcript. However, the relative gfp transcript expression levels were higher in ovary compared to testis in contrast to the relative abundance of the sycp1 endogenous transcript, which was higher in the testis compared to the ovary (Fig. 3 ). This apparent discrepancy will be discussed below. In summary, our observations demonstrate that the promoter fragment was containing the information required for the gonad-specific expression of the endogenous sycp1 gene in both males and females.
In the Testis, the sycp1 Promoter Fragment Targets Gene Expression in the Meiotic and Postmeiotic Germ Cells
The cellular distributions of the endogenous sycp1 and gfp transcripts were compared using the whole-mount RNA in situ hybridization technique (WMISH) as illustrated in Figure 4 .
Using the antisense riboprobe corresponding to the endogenous sycp1 transcript, no signal was observed in spermatogonia lining the basal membrane. The staining was drastically increased and reached its maximum intensity in subpopulations of primary spermatocytes. In addition, the staining extended to the spermatids that were recognizable by their small cellular size and cell number within a cyst [26] . Interestingly, the antisense gfp riboprobe showed an identical hybridization pattern in primary spermatocytes and spermatids. Note that sense sycp1 and gfp riboprobes showed no signal. We further investigated transgene expression by immunohistochemistry using an anti-GFP antibody and a green fluorochromeconjugated secondary antibody for the revelation. The GFP protein was detected in subpopulations of primary spermatocytes, all spermatids, but also in all spermatozoa that accumulate in the lumen of the testicular tubules and efferent ducts. The high accumulation of the GFP protein in the spermatids and its stability could explain its persistence in the spermatozoa that do not express any gfp transcript. The immunohistochemistry carried out on the tissue sections of wild-type testis showed no signal. The accumulation of the GFP protein in the spermatozoa collected by stripping was confirmed by the direct microscopic observation of the fluorescence (Fig. 5A, upper panel) . We noticed that all the male gametes were strongly fluorescent, although only half of them were expected to contain the transgene according to the FIG. 3. Dr_sycp1:eGFP transgene expression is restricted to the gonads in zebrafish. The tissue distribution of the endogenous sycp1 and gfp transcripts was assessed by quantitative real-time PCR using a panel of nine tissues in male and female transgenic zebrafish separately. The relative abundances of both transcripts were normalized to 18S ribosomal RNA and are expressed in arbitrary units. The endogenous sycp1 and gfp transcripts showed the same tissue distribution restricted to the gonads. Nevertheless, note that the relative abundance of the gfp transcript is high in the testis and in ovary. G, gills; B, brain; H, heart; L, liver; M, muscle; F, fin; E, eye; Op, operculum; T, testis; Ov, ovary.
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transgene transmission rate. The fluorescence was observed in the different compartments of the spermatozoa, from the head to the end of the flagellum (Fig. 5C upper panel) . In addition, the fluorescent cells were motile after the activation of the sperm motility on the addition of water.
In conclusion, the identical cell-specific accumulation pattern of the endogenous sycp1 and gfp transcripts demonstrates that the sycp1 proximal promoter fragment contains the information required to mimic the endogenous sycp1 gene cellspecific expression in the testis. However, the GFP protein persists in spermatozoa that do not express anymore gfp transcript.
In the Ovary, the sycp1 Promoter Fragment Targets Transgene Expression in the Primary Oocytes at Stage I The cellular localization of the endogenous sycp1 and gfp transcripts was investigated in the ovary using the WMISH technique (Figs. 6 and 7) . Both transcripts were restricted to the germinal cells, but the endogenous gene showed a more restricted expression pattern compared to the transgene. Direct observations of the whole-mount preparations showed the accumulation of the sycp1 transcripts in 10-to 20-lm germ cells that were grouped in clusters containing 2-32 cells (Fig.  6) . Observations of the tissue sections confirmed that the sycp1 transcripts were localized in 10-to 20-lm germ cells that in general aggregated by pairs although clusters grouping four to eight stained oocytes were also observed (Fig. 7, A and B ; Supplemental Figure S1 ; all Supplemental Data are available online at www.biolreprod.org). Considering their morphology, size and organization in cysts (Supplemental Figure S1 ), these cells are the early primary oocytes (stage Ia) entering in meiosis in a fully mature ovary [15, 19, 27] . The accumulation of the gfp transcript was also detected in these germ cells but extended clearly to the previtellogenic primary oocytes at stage Ib with a diameter inferior to 140 lm. This extended expression of the gfp transcript is likely the cause of the high relative expression levels of the gfp transcript in the ovary measured using the real-time PCR technique and described above. Note that the intensity of the staining corresponding to the gfp transcript was high in the smallest germinal cells (10-20 lm) and progressively decreased as the volume of the ooplasm increased (Fig. 7) . This progressive decrease of the staining likely results from the dilution of the gfp transcripts in the maturing oocytes and/or from transgene transcription arrest. FIG. 4 . The 1.8-kb sycp1 promoter fragment mimics sycp1 endogenous expression in zebrafish testis. Dr_sycp1:eGFP transgene and sycp1 gene expressions were investigated at the cellular level in the testis by whole-mount in situ RNA hybridization (A-D). Specific antisense digoxygenin-labeled riboprobes and NBT/BCIP revelation were used to generate a blue staining. The gfp (C and D) and endogenous sycp1 transcripts (A and B) show a similar cell-specific expression pattern in the testis. Both transcripts are detected in subpopulations of primary spermatocytes (spc) and in spermatids (spt). The GFP protein was localized by immunohistochemistry in the testis of transgenic zebrafish using an anti-GFP Alexa 488-conjugated antibody (E and F). In addition to primary spermatocytes and spermatids, the GFP protein is present in spermatozoa (spz) that accumulate in the lumen of the testicular tubules. Bars ¼ 50 lm in A, C, and E and 20 lm in B, D, and F.
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Sense riboprobes for both transcripts were used in the same conditions, and no signal was observed in the oocytes. Using the immunohistochemistry approach, the GFP protein was localized within the ovaries of sexually mature transgenic females (Fig. 7) . Previtellogenic primary oocytes (10 , diameter [Ø] , 100 lm) showed a strong and homogeneous signal in the ooplasm, whereas vitellogenic primary oocytes showed a weak signal in their mesh-like ooplasm (Fig. 7, E and  F) . The GFP protein was still detectable in vitellogenic and preovulating oocytes (Ø . 140 lm) showing no gfp transcript using the in situ RNA hybridization technique. This observation could result from the high stability the GFP protein as FIG. 5 . GFP protein accumulation in spermatozoa and maternal inheritance in fertilized embryos. Upper panel: Spermatozoa were first collected from sexually mature transgenic male zebrafish (6-mo-old animals). Spermatozoa were maintained in cold SFMM medium to inhibit their motility and observed between the slides and cover glass using a GFP filter (A). B) Bright-field micrograph of A. Note that all the spermatozoa were fluorescent from the head to the end of the flagella (C). Bars ¼ 20 lm. Lower panel: Ova collected from ovulating Dr_sycp1:eGFP transgenic females show a weak fluorescence (A). When Dr_sycp1:eGFP transgenic females are crossed with wild-type males, the first embryonic cell become highly fluorescent in all embryos even if only half of them carry the transgene (B). The fluorescence is maintained in the first dividing cells (C, D, E, K, L, and M) and 24-hpf embryos (N) but disappears in 72-hpf hatched embryos (T). This suggests that the GFP protein is accumulated in the ova and maternally transmitted to the progeny.
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suggested above for the male germ cells. Ovaries from wildtype zebrafish presented no staining even when a longer time of incubation was applied in the presence of the chromogenic substrate. In summary, the sycp1 proximal promoter fragment is sufficient to mimic the cell-specific expression pattern of the endogenous sycp1 gene in the primary oocytes, although gfp transcript and protein accumulation was extended to larger oocytes.
The GFP Protein Is Maternally Transmitted to the Progeny of Transgenic Females
For all the four independent transgenic lines, the offspring of transgenic males crossed with wild-type females was not fluorescent before 19 days postfertilization (dpf). By direct observation using a macroscope, the GFP-induced fluorescence was hardly detectable in the ova collected by stripping of ovulating transgenic females (Fig. 5A, lower panel) . However, the progeny of the transgenic females crossed with wild-type males showed a high homogeneous fluorescence in the embryonic cells during the first developmental stages (Fig.  5) . The fluorescence was high in all the one-cell-stage embryos, although only half of them were carrying the transgene. Next, the GFP protein segregated between the daughter cells during the successive and rapid cellular divisions. At 24 h postfertilization (hpf), the embryos were still fluorescent, but the fluorescence decreased in the developing embryos and was almost not detectable at 2-4 dpf, depending on the transgenic lines. It is well admitted that there is no transcriptional activation of the zygotic genome before the midblastula stage in fish. The deep reorganization of the ooplasm induced by the fertilization process could concentrate the GFP accumulated in the ova into the first embryonic cell. Taken together, our observations suggest that the GFP protein is maternally inherited and is maintained at least during the first 24 h of development.
De Novo Dr_sycp1:eGFP Transgene Expression and sycp1 Transcripts Are Simultaneously Detected in Zebrafish Fry
The temporal expression pattern of the transgene was examined in the Dr_sycp1:eGFP zebrafish lines throughout the early development of the embryos and late development of the fry ( Fig. 8; Supplemental Figures S2 and S3 ). This study was carried out on the progenies of transgenic males because of the maternal inheritance of the GFP protein. No GFP-induced fluorescence was observed from one-cell-stage embryos to 18-day-old fry. Transgene expression first occurred in 19-day-old animals in the posterior part of the gonads. The following day, the number of fluorescent cells increased drastically and progressed toward the anterior and posterior ends of the gonads. Expression of the sycp1 and gfp transcripts was also studied during ontogenesis. No expression of the sycp1 and gfp transcripts was detected in 1-and 5-day-old fry using real-time quantitative PCR (Supplemental Figure S2) . The accumulation of both transcripts was detected from 10 dpf on. The accumulation of the sycp1 and gfp transcripts was also detected using whole-mount preparations in the gonads of 20-and 23-day-old fry but remained undetectable in 5-and 15-day-old fry using this technique (Supplemental Figure S3) . In 20-day-old fry, sycp1 and gfp gene expression was restricted to the early oocytes at stage Ia (Fig. 9) according to the morphological criteria and nomenclature previously proposed [27] . No expression was observed in oogonia. Together, our data demonstrate that sycp1 and gfp expressions are simultaneously detected in zebrafish fry and that both transcripts are accumulated first mainly in early oocytes at stage Ia in 
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zebrafish juvenile ovaries, although gene expression could be initiated earlier in premeiotic germ cells.
DISCUSSION
Expression Pattern of the sycp1 Transcript in Zebrafish Meiotic and Male Postmeiotic Germ Cells
The expression pattern of the Sycp1 protein in the male and female gonads is well described in mammals and in fish, but to our knowledge no data were available on the cellular distribution of the sycp1 transcript in fish. In the present study, we described the spatial and temporal expression pattern of the sycp1 transcript in zebrafish. As expected, the tissue distribution of sycp1 gene expression was restricted to the gonads.
In adult ovaries, our study identified sycp1 transcript expression in 10-to 20-lm primary oocytes, localized in the periphery of the gonad and often grouped together in clusters. These cells were included in cysts and show morphological criteria corresponding to meiotic cells, including an increased size compared to mitotic oogonia, a cytoplasm restricted to a small rim around the nucleus, thin condensed chromatin strands throughout the nucleus, and a large nucleolus located at the periphery of the nucleus. These cells were named early primary oocytes or stage Ia oocytes [27, 28] . The sycp1 transcripts were observed in stage Ia oocytes frequently grouped in cysts of two to eight cells, although groups of 32 cells were also observed. This result is in accordance with previous studies in zebrafish mentioning that the number of early primary oocytes present in a single cyst was found variable, ranging from two to six, two to eight, or 16 to 32 cells [15, 19, 28] . This suggests that the number of mitotic clonal divisions of the premeiotic germ cells is not fixed and may vary prior to their synchronized meiotic differentiation. Variations in the number of mitotic clonal divisions have also been proposed during fish spermatogenesis [29] .
The cellular localization of the sycp1 transcripts is in accordance with the immunolocalization of the Sycp1 protein in zebrafish ovaries previously reported [19] . The authors localized zebrafish Sycp1 protein in primary oocytes found in FIG. 7 . The 1.8 kb sycp1 gene promoter fragment drives transgene expression in the primary oocytes. The gfp and endogenous sycp1 transcripts were localized in the ovary by whole-mount in situ hybridization using specific digoxygenin labeled antisense riboprobes and the NBT/BCIP revelation system (A-D). The endogenous sycp1 transcripts are accumulated in small primary oocytes (stage Ia) with a diameter that does not exceed 20 lm and are regrouped by pairs or few aligned cells as indicated by the black arrows (A and B). In Dr_sycp1:eGFP transgenic females, the gfp transcript shows a broader distribution compared to that of the endogenous sycp1 transcript. The gfp transcripts are detected in the early (stage Ia) and previtellogenic primary oocytes (stage Ib) with a diameter that does not exceed 140 lm (C and D). The GFP protein was localized in the ovary of transgenic fish by immunohistochemistry using an anti-GFP primary antibody and a green fluorescent fluorochrome-conjugated secondary antibody. The GFP protein is highly expressed in the ooplasm of the primary oocytes with a diameter between 10 and 140 lm as indicated by the white arrows (E). The protein is also hardly detected in the vitellogenic oocytes at stage III (E and F). The oocyte stages were named according to the nomenclature previously proposed [27] . Bars ¼ 50 lm in A, C, and E and 10 lm in B, D, and F.
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groups of two to six cells among other oocytes in other stages. Similarly, in adult medaka females, the ovarian germinal epithelium was also shown to contain groups of oocytes (up to eight cells) initiating meiosis and enclosed in a cyst [30] . The Sycp1 protein was identified in these groups of early meiotic oocytes at the zygotene and pachytene stages but not in the large and isolated diplotene oocytes. In summary, the cellular localization of the sycp1 transcript in zebrafish ovary is in agreement with the localization of the Sycp1 protein described previously in fish oocytes. The expression pattern of the zebrafish sycp1 transcript in early primary oocytes is also similar to that observed in mouse. In this species, the sycp1 transcript is detected in the oocytes prior to the organization of the primordial follicles [31] .
In the testis, expression of the zebrafish sycp1 transcript was not detected in spermatogonia lining the tubules but increased drastically in subpopulations of primary spermatocytes and was maintained in spermatids. This expression pattern is in agreement with observations reported in mouse in which transcript expression was reported in zygotene and diplotene primary spermatocytes only [17] . Moreover, the maximal expression of the sycp1 transcript in zebrafish spermatocytes is in agreement with the expression pattern of the Sycp1 protein described in zebrafish and in medaka. In zebrafish, Sycp1 is localized in pachytene spermatocytes [18, 19] . In medaka, the Sycp1 protein was first detected in leptotene spermatocytes and was limited to the synaptic regions of homologous chromosomes in diplotene spermatocytes [3] . Based on these observations, the expression of the sycp1 transcript in zebrafish spermatids was unexpected. One cannot exclude that the antibody used recognizes mainly the Sycp1 protein associated on the aligned chromosomes and not the free Sycp1 proteins that may be diluted in the cell. The translation of the sycp1 transcripts may also be tightly regulated in zebrafish to inhibit the Sycp1 protein expression in spermatids and restrict the temporal expression of the protein to the pachytene spermatocytes. Further investigations will be required to determine whether the sycp1 transcripts located in spermatids are transcribed. Anyways, the maximal expression of the sycp1 transcript in zebrafish spermatocytes is in agreement with the function of the Sycp1 protein that has been deduced from the phenotypes induced by disruption of the gene in mouse [12] . In Sycp1 À/À knockout mouse, the progression of the germ cell differentiation is arrested in pachytene spermatocytes, although a small proportion of the cells reach metaphase I. This study showed that the absence of Sycp1 resulted in an increased number of DNA breaks, including double-stranded breaks and a reduced number of crossovers in prophase I. We did not investigate the expression pattern of the Sycp1 protein in zebrafish, and none of the previous studies mentioned the localization or absence of the Sycp1 protein in spermatids [18, 19] . However, the presence of high levels of sycp1 transcript beyond metaphase 1 raises the question whether the Sycp1 protein could be synthesized and exert a function in the postmeiotic germ cells, particularly in DNA repair.
The 1.8-kb Proximal Promoter Fragment of the sycp1 Gene Mimics the Endogenous sycp1 Gene Promoter
In this study, we demonstrated that the À1482/þ338 promoter fragment of the sycp1 gene was sufficient to drive expression of the gfp reporter gene specifically in the male and female gonads. In whole-mount preparations of developing larvae, the first cells expressing high levels of gfp and sycp1 transcripts were early primary oocytes at stage Ia (Fig. 9 ). Our observations demonstrate also that the transgene and sycp1 are not expressed in the primordial germ cells in hatching embryos or in oogonia in the adult female. However, transcript expressions were detected as early as 10 dpf using the Q-PCR technique, suggesting that gene expressions could be FIG. 9 . Cellular expression profile of the sycp1 and gfp transcripts in 20-day-old zebrafish. The cellular localization of the sycp1 and gfp transcripts was studied using whole-mount preparations and sectioning of the juvenile ovarian tissues. A and F are micrographs of transversal sections of 20-day-old zebrafish hybridized with sycp1 and gfp antisense riboprobes, respectively. B, C, G, and H and D, E, I, and J illustrate higher magnification views of the right and left gonads, respectively. In C, E, H, and J, nuclei were labeled using Hoechst 33258 and were observed through a DAPI filter to determine the morphological oocytes stages as previously described [27, 28] . The sycp1 and gfp transcripts were detected in early meiotic oocytes (stage Ia) as shown on the micrographs using large arrows. Neither sycp1 nor gfp transcripts were detected in oogonia (small arrows). Bars ¼ 100 lm (A and F) and 10 lm (B-E and G-J).
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initiated in premeiotic cells or in early primary oocytes present at this developmental stage. However, the later hypothesis is unlikely because we did not detect sycp1 transcripts in the germ cells of 15-day-old zebrafish using whole-mount preparations. The higher sensitivity of the Q-PCR compared to the wholemount preparation may explain the apparent discrepancy. The high accumulation of the endogenous sycp1 and gfp transcripts in the early meiotic oocytes is supported by the direct observation of the GFP-induced fluorescence during the embryo and fry development. The expression of the GFP protein is observed from 19 dpf on. This time period corresponds to the appearance of the early meiotic oocytes in the zebrafish strain used in this study and previously reported by others [28] . Nevertheless, early meiotic oocytes were described in the gonads of 10-or 17-day-old zebrafish, depending on the studies [32, 33] . It is well known that the timing of fish development depends on environmental factors and rearing conditions that include photoperiod regimes, feeding regimes, water temperature, and stocking density. These environmental factors differ from one animal facility to another and may be the cause of differences in the timing of gonadal sex differentiation. The emergence of few perinucleolar oocytes (stage Ib) is reported only later by day 28 [28] , supporting the observation that the first sycp1-and gfpexpressing oocytes in the developing fry occur earlier at stage Ia. Taken together, our data suggest that sycp1 and gfp transcripts are accumulated at high levels in early primary oocytes (stage Ia) but that the initiation of gene expression could occur earlier, possibly in the differentiating premeiotic germ cells, but the Q-PCR does not allow one to identify the cellular origin of the targeted transcript.
A major difference between the endogenous sycp1 and gfp transcript expression pattern occurs after gene expression onset. In contrast to the endogenous sycp1 transcript, the accumulation of the gfp transcript was extended to larger and isolated previtellogenic primary oocytes with a diameter that exceeded 20 lm. One cannot exclude that the promoter fragment tested in this study remains active in large previtellogenic primary oocytes, whereas the transcriptional activity of the endogenous promoter is stopped. However, the apparent discrepancy between the cellular accumulation of the gfp and endogenous sycp1 transcripts could also be explained by a different half-life of these two transcripts. Note that we did not detect the accumulation of the gfp transcript in vitellogenic primary oocytes with a diameter exceeding 140 lm. However, one cannot exclude that the diluted gfp transcripts into the vitellus of the ooplasm could participate in the accumulation of the GFP protein into the vitellogenic oocytes. The accumulation of the GFP protein into the preovulating oocytes was different to that observed for the gfp transcript. Moreover, the GFP protein is again observed in the one-cell-stage embryo derived from a transgenic but not wild-type female. It is well accepted that the zygotic genome of one-cell-stage embryos is transcriptionally inactive. This implies that the GFP protein is likely accumulated in the ooplasm of the maturing and ovulating oocytes, but its dilution in the vitellus likely reduces the fluorescence intensity and prevents its detection. When the fertilization occurs, the high fluorescent intensity can be reobserved because the diluted GFP protein translocates and concentrates into the cytoplasm of the first embryonic cells. A similar maternal transmission of the GFP protein expressed in ooplasm of zebrafish transgenic oocytes has been reported previously [34] [35] [36] .
In transgenic males, the À1482/þ338 promoter fragment of the sycp1 gene drives gfp transcript expression mainly in primary spermatocytes but also in spermatids mimicking the cellular accumulation profile of the endogenous sycp1 transcript. However, no sycp1 and gfp transcript expression was observed in spermatozoa. This is in agreement with the well-accepted assumption that those cells are essentially quiescent cells with respect to transcription [37] , although a DNA polymerase activity persists in spermatozoa [38] and messengers RNA are accumulated in those cells [39, 40] . This also implies that the GFP-induced fluorescence detected in spermatozoa of transgenic zebrafish is likely the result of the high stability and accumulation of the enhanced GFP protein in the haploid male germ cells.
The oocyte-and spermatocyte/spermatid-specific expression of the 1.8-kb sycp1 gene promoter fragment, in female and in male, respectively, was observed in the four independent transgenic zebrafish lines, although transgene expression levels were different. This demonstrates that the information carried by the sycp1 gene promoter is sufficient and reliable to mimic the cell-specific expression pattern of the endogenous sycp1 gene in the male and female gonads, independently of the transgene insertion site. Previous studies have reported the transcriptional activity of different proximal promoter fragments of the mouse sycp1 gene in stable transgenic mouse lines. The fragment À54/þ102 relative to the transcription initiation site was sufficient to drive expression of the transgene in primary spermatocytes, but a more reliable expression pattern was obtained using the À260/ þ5 promoter fragment [14] . Transgene expression occurred first in zygotene spermatocytes and increased in pachytene spermatocytes [41] . However, none of the chimeric constructs tested, including the large promoter fragment À1848/þ102, was capable of driving reporter gene expression in ovary [14] . In the present study, we demonstrated that the proximal promoter fragment of the zebrafish sycp1 gene coupled to the first exon and intron was capable of driving gene expression in primary spermatocytes/spermatids but also in early primary oocytes. This raises the question whether the first intron is important for the oocyte-specific expression of the endogenous sycp1 gene as previously proposed by Sage and colleagues [14] . Note that a comparison between the mouse and zebrafish proximal promoter fragments revealed the presence of a conserved E-box located immediately upstream of the putative TATA-box (Supplemental Figure S4) . In mouse, such E-boxes are required for the oocyte-specific expression of the growth differentiation factor 9 (gdf9), histone H100, nucleoplasmin 2 (npm2), and zygote arrest 1 (zar1) genes [42, 43] . This suggests that the conserved E-box regulatory elements located within the proximal promoter fragment may also be required for the oocyte-specific expression of the sycp1 gene in zebrafish.
Although the identification of cis DNA regulatory element is beyond the scope of the present study, we noticed the presence of additional putative cis DNA regulatory elements in the zebrafish sycp1 proximal promoter fragment that may participate in the cell-specific expression pattern of the endogenous gene in zebrafish (Supplemental Figure S4) . They include AP1 binding sites and a putative cAMP response element. In rat, an AP1 binding site has been involved in the expression of the aromatase gene in pachytene spermatocytes. Interestingly, the specific expression of a cAMP response element modulator (CREM) has been reported in the GAUTIER ET AL. spermatids of mammalian species. CREM is considered as a master gene controlling gene expression in spermatids [44] . However, further experiments will be required to determine whether CREM is responsible for the expression of the sycp1 gene in zebrafish spermatids.
Dr_sycp1:eGFP Transgene Is a Valuable Model to Follow the Early Meiotic Differentiation of the Germ Cells in Zebrafish
The use of stable transgenic lines expressing GFP in specific cell types has been proven to be a successful approach to trace the onset, migration, and differentiation of cell lineages during embryo development and in adult. They were also useful to purify specific cell types for molecular analysis or ex vivo cell culture. Regarding the germ cell lineage in zebrafish, the vasa gene promoter driving the expression of fluorescent proteins was used in stable transgenic zebrafish lines to characterize the origin and migration of the primordial germ cells during early embryo development [45] and to culture those cells in vitro [46] . The vasa:GFP transgenic line was also used more recently to characterize the germinal niche during spermatogenesis onset [47] . However, to our knowledge, no stable transgenic zebrafish line expressing a fluorescent protein specifically in the male meiotic cells has been reported to date. The present study describes the first transgenic zebrafish lines expressing GFP only in the meiotic and postmeiotic germ cells. These lines will be a valuable model to monitor the meiotic differentiation of the male germ cells. In addition, these transgenic lines could be valuable model to purify the meiotic and postmeiotic germ cells using appropriate approaches, including the FACS technique.
In zebrafish females, previous studies have reported the production of stable transgenic zebrafish lines expressing GFP specifically in early primary oocytes. A 2.6-kb gene promoter fragment of the alk8 gene targets GFP expression in early stage Ia primary oocytes [36] . Two other studies used the proximal promoter fragment of genes encoding for specific zona pellucida proteins belonging to the ZPC subfamily (zpc [35] and zp3.2 [34] ). The first proximal promoter was 0.5 kb long and originated from a single copy gene (ENS-DARG00000039828) located on chromosome 2. The second proximal promoter fragment was 3.6 kb long and originated from the second gene copy (zp3.2: ENSDARG00000089352) belonging to a cluster of three zp3 genes duplicated in tandem. Note that the gene cluster was initially located on chromosome 21 (Zv6) [34] , but it has been recently relocated on chromosome 17 (Zv9). Both zpc and zp3.2 promoter fragments were capable of targeting GFP gene expression in stage Ia primary oocytes from 21 to 22 days on. In the Dr_sycp1:eGFP transgenic lines, GFP-induced fluorescence is detectable 2 days earlier in grouped oocytes beginning meiosis. In consequence, the Dr_sycp1:eGFP zebrafish lines may provide an earlier fluorescent marker to trace accurately and precociously the female germ cells undergoing meiosis in zebrafish.
In conclusion, the present study demonstrates that the proximal promoter fragment coupled to the first exon and first intron of the sycp1 gene contains the information required for the cell-specific expression of the endogenous sycp1 gene in spermatocytes/spermatids and early primary oocytes in zebrafish. Moreover, the Dr_sycp1:eGFP transgenic zebrafish lines generated during the course of this study are the first lines expressing GFP specifically in the fish meiotic and postmeiotic male germ cells. In conclusion, the Dr_sycp1:eGFP transgenic lines could be valuable models to trace accurately the emergence of meiotic cells in male and female zebrafish.
